Adaptive responses to external temperatures are essential for survival in changing environments. We show here that environmental oxygen concentration affects cold acclimation in Caenorhabditis elegans and that this response is regulated by a KCNQ-type potassium channel, KQT-2. Depending on culture conditions, kqt-2 mutants showed supranormal cold acclimation, caused by abnormal thermosensation in ADL chemosensory neurons. ADL neurons are responsive to temperature via transient receptor potential channels-OSM-9, OCR-2, and OCR-1-with OCR-1 negatively regulating ADL function. Similarly, KQT-2 and KQT-3 regulate ADL activity, with KQT-2 positively regulating ADL function. Abnormal cold acclimation and acute temperature responses of ADL neurons in kqt-2 mutants were suppressed by an oxygen-receptor mutation in URX coelomic sensory neurons, which are electrically connected to ADL via RMG interneurons. Likewise, low oxygen suppressed supranormal kqt-2 cold acclimation. These data thus demonstrate a simple neuronal circuit integrating two different sensory modalities, temperature and oxygen, that determines cold acclimation.
INTRODUCTION
Physiological responses to sustained temperature changes constitute a critical adaptive mechanism for living organisms, including humans. Most animals sense temperature by specialized thermosensory neurons, which transduce and deliver thermal information to the many organs of the body. Molecular mechanisms for thermosensation in neurons are crucial for responding to temperature change. Although transient receptor potential (TRP) channels are known temperature receptors in many species (1), TRP-independent temperature-sensing mechanisms are also present in nematodes and flies (2, 3) .
In Drosophila larvae, choice of optimal temperature is controlled by a nontemperature receptor-type TRP channel, which is activated through G q signaling containing phospholipase C. In this cascade, rhodopsin is thought to be required for temperature sensation (2) . Temperature responses of the nematode Caenorhabditis elegans have been studied in various phenomena, such as thermotaxis, noxious heat avoidance, and cold tolerance (4) (5) (6) (7) . In thermotaxis, temperature information is mainly received by the AFD sensory neuron via receptor-type guanylyl cyclases (rGCs), phosphodiesterase, and the guanosine 3′,5′-monophosphate (cGMP)-dependent channel, where rGCs are thought to act as a temperature receptor (3) . In noxious heat avoidance, the TRP channel encoded by the osm-9 gene acts as a primary channel in the sensation of noxious heat (8, 9) . The signaling through transient receptor potential vanilloid (TRPV) channels, OSM-9 and OCR-2, control behavioral responses to noxious heat (10) .
C. elegans has mechanisms to acclimate to environmental temperature changes, for example, by changing lipid composition and rapidly regulating their metabolism and behavior under sustained temperature changes (7, (11) (12) (13) (14) . Previous studies have reported that cold tolerance of C. elegans is regulated by a pair of head sensory neurons, ASJ, in which heterotrimeric G proteins and cGMP signaling transduce temperature information into electrical activity (7, 15) . ASJ neurons release insulin to intestinal cells to control the cold-tolerant status of individual animals (7) . It has also been reported that sperm affects the activity of ASJ temperature-sensing neurons in cold tolerance (16) . Recently, the ADL sensory neuron known to be involved in chemosensation was also shown to be responsive to temperature through TRP channels to regulate cold tolerance (17) .
C. elegans wild-type strains demonstrate a form of acclimation related to cold tolerance, which we define as cold acclimation (7, 18) . Wild-type N2 animals cultivated at 25°C do not survive at 2°C, whereas wild-type animals cultivated at 15°C survive at 2°C. However, when wild-type animals cultivated at 25°C are transferred to 15°C and maintained at 15°C for 3 hours, they become capable of survival at 2°C (7, 18) . Natural C. elegans variants show varying degrees of this cold acclimation phenotype, which correlates with genetic polymorphisms that map to multiple regions of the genome (18) . The genes involved in cold acclimation have not been determined, and the molecular/physiological mechanisms underlying cold acclimation in C. elegans remain poorly understood.
KCNQ-type potassium channels play a wide range of physiological roles in human. Mutations of the KCNQ gene family cause hereditary diseases, including neonatal epilepsy, cardiac arrhythmia, and progressive deafness (19) (20) (21) (22) (23) (24) . The C. elegans genome contains three genes encoding KCNQ-like potassium channel subunits: kqt-1, kqt-2, and kqt-3. KQT channels (K + channel related to QT interval), KQT-1 and KQT-3, are expressed in chemosensory neurons, mechanosensory neurons, and intestinal cells (25) . In the intestine, KQT channels have an important role in promoting Ca 2+ oscillations. kqt-2 and kqt-3 are proposed to regulate the defecation cycle through a rhythmic Ca 2+ /calmodulin-dependent control of the driving force for Ca 2+ influx into intestinal cells (26) . In rat, KCNQ channels are expressed in nociceptive cold-sensing trigeminal ganglion neurons and play a role in controlling cold sensitivity (27) . However, a role for KCNQ-type potassium channels in the organismal control of temperature acclimation in individual animals has not been reported.
C. elegans can sense ambient oxygen, which triggers changes in social aggregation behavior. Oxygen is sensed by the oxygen receptor GCY-35/36 in URX coelomic sensory neurons (28, 29) , which directly connect to RMG interneurons by reciprocal chemical synapses and gap junctions (30) . Oxygen signaling by URX neurons modulates other head sensory neurons, including ADL, through RMG interneurons (30) . High oxygen tension decreases the chemosensitivity of ADL neurons for sensing ascaroside, whereas low oxygen tension increases ADL activity, consistent with oxygen modulating ADL activity indirectly through URX and RMG neurons (30) .
TRP channels are involved in sensory signaling for sensing touch, hearing, taste, vision, smell, and temperature (31) . In C. elegans, the osm-9 gene encoding the TRPV channel is expressed in sensory neurons involved in osmotic avoidance and chemotaxis to attractive odorants (32) . The osm-9 gene is also expressed in sensory neurons involved in noxious heat avoidance and is a primary channel in the sensation of noxious heat (8) (9) (10) .
ocr-2 and osm-9 are required to respond to aversive stimuli from food and to promote social feeding behavior via ASH and ADL nociceptive neurons (33) . A dominant-negative mutation of the C. elegans TRPV subunit OCR-2, which incorporates into and inactivates OCR-2 homomeric and heteromeric (OCR-2/OCR-1 and OCR-2/ OCR-4) TRPV channels, results in a premature egg-laying defect (34) . Although our recent study indicates that ocr-2;osm-9;ocr-1 triple mutants show a defect in cold tolerance and decreased thermosensitivity in ADL neurons (17) , it did not reveal the individual role of each TRP channel subunit in the control of ADL thermosensitivity.
Here, we report that a kqt-2 mutant defective in a KQT-type potassium channel exhibits supranormal cold acclimation. This enhanced cold acclimation of the kqt-2 mutant was rescued by expressing kqt-2 cDNA in ADL chemosensory neurons. Ca 2+ imaging revealed that KQT-2 in ADL neurons acts as a positive regulator to temperature changes. We found that the abnormal cold acclimation of kqt-2 mutants was affected by oxygen concentration during cultivation. Low oxygen concentration suppressed supranormal cold acclimation of the kqt-2 mutant. Similarly, supranormal cold acclimation of the kqt-2 mutant mediated by ADL neurons was suppressed by gcy-35 mutations that impair the oxygen receptor in the URX sensory neuron that communicates with ADL. Our genetic and Ca 2+ imaging results reveal that oxygen acts as a modulator of temperature sensation in a small neural circuit controlling cold acclimation.
RESULTS

kqt-2 mutant shows supranormal cold acclimation
Cold tolerance in C. elegans depends on cultivation temperature. Wild-type animals cultivated at 25°C do not survive at 2°C. By contrast, wild-type animals cultivated at 15°C survive at 2°C (7). Cold tolerance exhibits plasticity, dependent on the temperature and length of time of the previous cultivation environment (7, 18) . When wild-type animals cultivated at 25°C are transferred to 15°C for some hours, animals survive upon subsequent transfer to 2°C (Fig. 1A) . Similarly, when wild-type animals cultivated at 15°C are transferred to 25°C for 3 hours, animals fail to survive upon subsequent transfer to 2°C (7, 18) .
To isolate new genes involved in temperature acclimation, we used results from a previous DNA microarray analysis (35) . When animals were transferred to 17°C for 4 hours after cultivation from eggs to adult at 23°C, expression levels of 79 genes were significantly changed compared with controls raised at 23°C (35) . We investigated temperature acclimation phenotypes in a subset of 14 mutants of these genes (fig. S1, A to F). We tested the cold acclimation phenotype of these mutants by cultivating at 25°C, transferring to 15°C for varying lengths of time, and then testing for survival at 2°C (25°C→15°C→2°C; fig. S1 , A to C). When 25°C cultivated animals were transferred and conditioned at 15°C for 0, 3, or 8 hours and then transferred to 2°C, survival rates for wild-type animals were 5, 30, and 44%, respectively ( fig. S1 , A to C). We found that mutants defective in several genes identified from the previous microarray data, including the KQT-type potassium channel subunit, kqt-2, showed abnormal cold acclimation under this 25°C→15°C→2°C protocol (Fig. 1, B to D) . Although kqt-2 mutants showed a normal phenotype when animals cultivated at 25°C were exposed to 2°C without a conditioning temperature shift from 25° to 15°C [25°C→15°C (0 hours)→2°C; We previously determined various molecules for temperature sensation in the nervous system that regulate cold tolerance. Most of the molecules we identified involve cGMP-dependent signaling, including guanylyl cyclases and cGMP-gated channels. Although cGMP-gated channels are the primary channels for depolarizing membrane potential in thermosensitive neurons, cGMP-gated channel-independent mechanisms for regulating membrane potential in neurons involved in cold tolerance have not been well characterized. We thus focused on the KQT-2 potassium channel as a novel temperature signaling mechanism.
We confirmed that the cold acclimation abnormality of kqt-2(ok732) is caused by mutations in the kqt-2 gene by two means: by analysis of another mutant allele of kqt-2 [kqt-2(tm642)] and by transgenic rescue of kqt-2(ok732) with a wild-type genomic kqt-2(+) array. kqt-2(tm642) exhibited a supranormal cold acclimation phenotype using the 25°C→15°C (3 hours)→2°C protocol, similar to kqt-2(ok732) (Fig. 1H ). Both kqt-2 mutant alleles lack most of the exons encoding the channel pore of KQT-2 (25), indicating that both alleles are null alleles. The abnormal cold acclimation of kqt-2(ok732) was rescued by transgenic expression of a wild-type kqt-2 genomic gene construct driven by its native promoter (Fig. 1I) . These results indicate that KQT-2 is required for normal cold acclimation.
The potassium channel subunit KQT-2 is expressed in sensory neurons Previous reports described the KQT-2 potassium channel as only expressed in intestine (25) ; therefore, we hypothesized that enhanced cold acclimation of the kqt-2 mutant is caused by abnormal intestine function. We thus expressed kqt-2 cDNA in the intestine of the kqt-2(ok732) mutant, driven by the intestine-specific promoter ges-1p. However, the abnormal cold acclimation of kqt-2(ok732) was not rescued by expressing kqt-2 cDNA in intestine (Fig. 1J) . Because previous reports revealed that cold acclimation of C. elegans is regulated by sensory neurons, as well as intestine, we then specifically expressed kqt-2 cDNA in ciliated sensory neurons in kqt-2(ok732) mutant using the osm-6p promoter. We found that the abnormally enhanced cold acclimation of kqt-2(ok732) was rescued by expressing kqt-2 cDNA in ciliated sensory neurons (Fig. 1J) . To identify the ciliated sensory neuron expressing kqt-2, we introduced the kqt-2 genomic sequence encompassing exons 1 to 12 fused in frame with green fluorescent protein (GFP), driven by the kqt-2 promoter. GFP fluorescence of KQT-2::GFP in the head was observed in two pairs of sensory neurons (Fig. 1 , K and L). However, the expression level of kqt-2 in sensory neurons was lower than that in intestinal cells. In addition, kqt-2::GFP was expressed in male tail neurons with processes that elongate to the tip of the tail (Fig. 1M) .
To determine the identity of the sensory neurons expressing kqt-2 in the head, we colabeled kqt-2::GFP animals with DiI, which introduces red fluorescence in only six pairs of amphid sensory neurons in the head (Fig. 1, K To visualize the subcellular localization of KQT-2 in sensory neurons, we constructed a kqt-2cDNA::GFP fusion gene, driven by the native kqt-2 promoter sequence. KQT-2::GFP was observed to strongly localize to sensory endings and cell bodies of sensory neurons, although it was observed in the entire cytoplasm of sensory neurons ( Fig. 1N and fig. S2A ). The number of neurons expressing GFP was increased in this animal, indicating that intronic sequences of the kqt-2 gene may contain inhibitory elements for expression in some neurons.
Expression of kqt-2 in ADL sensory neurons is sufficient to rescue supranormal cold acclimation of the kqt-2 mutant
Abnormally enhanced cold acclimation of the kqt-2 mutant was rescued by expressing kqt-2 cDNA (complementary DNA) in ciliated sensory neurons (Fig. 1J) . To identify the essential sensory neuron(s) required for enhanced cold acclimation of the kqt-2 mutant, we repeated kqt-2 cDNA rescue experiments with single cell type-specific promoters. We expressed kqt-2 cDNA only in ADL or ASK sensory neurons ( Fig. 2A) . The abnormally enhanced cold acclimation of the kqt-2 mutant was rescued by expression of kqt-2 cDNA in ADL but not ASK sensory neurons ( Fig. 2A) . Because ADL is known as a chemosensory neuron that receives aversive cues, such as 1-octanol and ascaroside pheromones, we tested avoidance behavior of kqt-2 mutants against 1-octanol (Fig. 2B) . kqt-2 mutants showed decreased avoidance behavior against high concentrations of 1-octanol compared with wild type (Fig. 2B ). These results indicate that KQT-2 in ADL sensory neurons is essential for normal cold acclimation and avoidance behavior.
Our recent study suggested that ADL is responsive to temperature in wild-type animals cultivated at 25°C, as monitored by temperature-dependent changes in intracellular Ca 2+ (17) . To investigate whether the thermosensation of ADL depends on cultivated temperature, we introduced the genetically encoded Ca 2+ indicator, cameleon, to perform Ca 2+ imaging in response to temperature stimuli. ADL sensory neurons in wild-type animals cultivated at 25°C were responsive to temperature changes, with an increase in intracellular Ca 2+ signal (9 to 10% ratio) in response to temperature shifts from 17° to 23°C (Fig. 2, C and D) . By contrast, thermal responses of ADL in wild-type animals cultivated at 15°C were lower (4 to 5% ratio) than that of animals cultivated at 25°C (Fig. 2, C and D) . These results indicate that cultivation temperature influences the responsiveness of ADL neurons.
Upon identical temperature stimulation, the Ca 2+ response in ADL neurons was blunted in kqt-2 mutants cultivated at 25°C (2 to 3% ratio) (Fig. 2, E and F) , which was rescued by ADL-specific expression of kqt-2 cDNA (9 to 10% ratio) (Fig. 2, E and F) . However, ADL thermosensation in kqt-2 mutants cultivated at 15°C showed similar responsiveness compared with wild-type animals (Fig. 2, G and H) . These results from Ca 2+ imaging of kqt-2 mutants are consistent with the cold acclimation phenotype of kqt-2 mutants; kqt-2 mutants cultivated at 25°C showed supranormal cold acclimation and blunted thermal responsiveness, and kqt-2 mutants cultivated at 15°C showed normal cold acclimation and similar thermal responsiveness compared with wild-type controls (Fig. 1, B to G) . Thus, physiological and genetic analyses indicate that KQT-2 potassium channel subunits regulate thermosensation and cold acclimation in ADL neurons when animals are cultivated at 25°C.
Another KQT-type potassium channel subunit, KQT-3, plays an opposite role to that of KQT-2 in cold acclimation Although activated KCNQ potassium channels are expected to decrease the excitability of neurons, unexpectedly, loss of kqt-2 function in kqt-2 mutants decreased temperature-dependent activity in ADL neurons (Fig. 2, E (Fig. 2, I and J), indicating that KQT-2 potassium channel subunits act as a positive regulator of neuronal activity in wild-type ADL. Mammalian KCNQ2 co-assembles with KCNQ3 (36) . We therefore hypothesized that KQT-2 and other KQTtype potassium channel subunits might coassemble to form heteromeric channels, and that KQT-2 acts as an inhibitor of other KQT subunits.
C. elegans has three KQT-type potassium channels encoded by kqt-1, kqt-2, and kqt-3 genes. kqt-3 is expressed in some sensory neurons including ADL (25) . To investigate whether kqt-3 is involved in ADL neurons in response to temperature changes, we performed Ca 2+ imaging. The Ca 2+ responses in ADL neurons upon temperature stimuli were strongly augmented in kqt-3 mutants (15 to 16% ratio) relative to wild-type animals (Fig. 2, K and L) .
To examine genetic epistasis between kqt-2 and kqt-3 mutations, we constructed a kqt-2;kqt-3 double mutant and performed Ca 2+ imaging and cold acclimation tests. Decreased thermal responsiveness of ADL neurons in the kqt-2 mutant was suppressed by the kqt-3 mutation, with the kqt-2;kqt-3 double mutant exhibiting an enhanced thermosensitive Ca 2+ response (13 to 14% ratio) similar to kqt-3(aw1) (Fig. 2, K and L) . In addition, the supranormal cold acclimation of the kqt-2 mutant was also suppressed by the kqt-3 mutation in the kqt-2;kqt-3 double mutant (Fig. 2M) . These genetic analyses indicate that kqt-3 is epistatic to kqt-2, which is consistent with the hypothesis that KQT-2 negatively regulates KQT-3. Thus, KQT-2 could function as a negative regulator of KQT channel function with respect to thermosensitivity in ADL sensory neurons.
OCR-1, a TRP subunit, acts as a negative regulator of thermosensitive activity in ADL sensory neurons
The KQT-2 potassium channel acts as a positive regulator of thermosensation in ADL neurons for cold acclimation. We next investigated the relationship between KQT-2 and the known temperature signaling pathway in ADL neurons by genetic epistasis analysis. As recently Comparisons were performed using the Tukey-Kramer method. *P < 0.05, **P < 0.01 NS, not significant. Analysis by two-way analysis of variance (ANOVA) confirmed that there was a significant effect of the kqt-2 genotype (P = 0.042) and also a significant effect of the kqt-3 genotype (P = 2.20 × 10 −8
), but there was no significant interaction between kqt-2 and kqt-3 genotypes (P = 0.133; see Supplementary raw data file). Data of wild-type animals cultivated at 25°C, shown in (C), are shared with (E), (I), and (K), Figs. 3 (D, F, and H) and 4D, and fig. S6A , given that the experiments were conducted simultaneously (C, E, I, and K). Data of wild-type animals cultivated at 15°C, shown in (C), are shared with (G), given that the experiments were conducted simultaneously (C and G). Data of kqt-2(ok723) cultivated at 25°C, shown in (E), were shared with (K) and Figs. 3H and 4D, given that the experiments were conducted simultaneously (E and K). (M) Epistasis analyses of cold acclimation in kqt-2 and kqt-3 mutants. All mutant strains exhibit supranormal cold acclimation, but the kqt-3(aw1) cold acclimation phenotype appears epistatic to kqt-2(ok732). Number of assays ≥ 12. Error bar indicates SEM. Comparisons were performed using the Tukey-Kramer method. *P < 0.05, **P < 0.01.
reported, temperature signaling in ADL neurons is transmitted through three TRP channel subunits-OSM-9, OCR-1, and OCR-2-to regulate cold tolerance (17, 32, 33) . The osm-9 mutant and the ocr-2 osm-9;ocr-1 triple mutant show abnormal cold tolerance (17) ; however, ocr-1 and ocr-2 single mutants do not show significantly different cold tolerances compared with the wild type (17) . We therefore performed cold acclimation assays and Ca 2+ imaging of ADL neurons in ocr-1 and ocr-2 mutant backgrounds. Each ocr-1 and ocr-2 single mutant showed no significant abnormality in cold acclimation (Fig. 3,  A and B) . However, supranormal cold acclimation of the kqt-2 mutant was suppressed by ocr-1 mutation, indicating that the ocr-1 mutation is epistatic to the kqt-2 mutation in cold acclimation (Fig. 3C) .
The thermally induced Ca 2+ response of ADL neurons in the ocr-1 mutant (19 to 20% ratio) was significantly increased compared with the wild type (8 to 9% ratio; Fig. 3, D and E) . This result was unexpected because TRP channels are known as nonspecific cation channels whose activation induces depolarization-promoted Ca 2+ influx, whereas loss of function of TRP channels decreases neuronal excitability. The increased thermally induced Ca 2+ response of ADL neurons in ocr-1 mutants was suppressed by osm-9 and ocr-2 mutations in osm-9;ocr-1 and ocr-2;ocr-1 double mutants (Fig. 3, F and G, and  fig. S6, A and B) , indicating that osm-9 and ocr-2 mutations are epistatic to ocr-1 mutation (Fig. 4G) . We found that hyperactivation of the ADL thermally induced Ca 2+ response in ocr-1 mutants was partially suppressed by kqt-2 mutation in ocr-1;kqt-2 double mutants [ocr-1(ok132);kqt-2(ok732); Fig. 3 Fig. 3, H and I ]. This genetic epistasis indicates that the OCR-1 TRP channel-mediated mechanism acts in parallel with KQT-2 potassium channels in the regulation of ADL neural activity for thermosensation (Fig. 4G) . Together, epistasis analyses using cold acclimation and ADL thermally induced Ca 2+ responses indicate that OCR-1 and KQT-2 act in the same genetic pathway for cold acclimation, while OCR-1 functions in parallel with KQT-2 in the thermosensitive Ca 2+ response in ADL neurons.
Oxygen sensing modulates ADL-mediated cold acclimation
We unexpectedly found that the abnormal cold acclimation of the kqt-2 mutant was exaggerated when kqt-2 mutants were cultivated on medium-size (6.0-cm-diameter) agar plates compared with smaller (3.5-cm-diameter) plates (Fig. 4A) . Animals cultivated from egg to adult on 3.5-cm-diameter plates did not show a significant difference in cold acclimation compared with wild-type and kqt-2 mutants (Fig. 4A) . By contrast, kqt-2 mutants cultivated on 6.0-cm-diameter plates showed significantly increased cold acclimation compared with wild-type animals cultivated on 6.0-cm-diameter plates (Fig. 4A) . These results indicated that other environmental factors in addition to cultivating temperature affect the cold acclimation phenotype of kqt-2 mutants. Cold tolerance assays and Ca 2+ imaging of kqt-2 mutants indicate that ADL sensory neurons regulate cold acclimation (Fig. 2, A, E, and F) . Previous studies report that oxygen signaling from URX sensory neurons indirectly modulates neuronal activation in ADL neurons evoked by the pheromone ascaroside through electrical synapses from RMG interneurons (30) . We hypothesized that a difference of oxygen concentration between 3.5-and 6.0-cm-diameter plates affected the abnormal cold acclimation phenotype of kqt-2 mutants. Previous studies reported that oxygen concentrations on the surface of agar plates are severely affected by the presence of a bacterial lawn (29) . To examine whether oxygen concentrations differ between the two sizes of agar plates used for our cold acclimation assays, we optically measured oxygen concentration on the surface of assay plates (3.5 and 6.0 cm diameter) seeded with bacterial lawns and worms and sealed with parafilm. Optical oxygen concentration measurements were made from 24 to 64 hours after egg laying at the beginning of our protocol. We found that oxygen concentrations in the bacterial lawn of 3.5-cm-diameter plates were lower compared with that in 6.0-cm-diameter plates, stabilizing to values of ~15% O 2 for 6.0-cm-diameter plates and ~10% O 2 for 3.5-cm-diameter plates from 52 to 64 hours after egg laying (Fig. 4B) .
To examine whether oxygen signaling affects cold acclimation regulated by ADL neurons, we used a gcy-35 mutation, defective in the oxygen receptor expressed in URX oxygen sensory neurons (37) . We found that gcy-35 mutant animals showed an abnormal decrease in cold acclimation, which was opposite the phenotype observed with kqt-2 mutants (Fig. 4C) . The supranormal cold acclimation of the kqt-2 mutant was suppressed by gcy-35 mutation in gcy-35;kqt-2 double mutants (Fig. 4C) . Ca 2+ imaging demonstrated that the abnormal dampening of the thermosensitive Ca 2+ response in ADL neurons observed in kqt-2 mutants was restored to wild-type levels by gcy-35 mutation (Fig. 4, D and E) . These results indicate that the oxygen receptor GCY-35 modulates both thermosensory function in ADL neurons and organismal cold acclimation.
We also found that abnormally enhanced cold acclimation of the kqt-2 mutant was recovered to normal levels after cultivation with a lower O 2 concentration (10 or 5%) in the incubator (Fig. 4F) . These results are consistent with a mechanism whereby supranormal cold acclimation observed in kqt-2 mutants is enhanced by higher O 2 concentration through an indirect negative modulation of thermosensation in ADL neurons via active O 2 signaling from URX and RMG.
DISCUSSION
Elucidation of temperature acclimation mechanisms is important for understanding the biological mechanisms of long-term temperature responses in living organisms. The results of this study show that oxygen acts as a modulator of temperature sensation in a small neural circuit critical for cold acclimation in C. elegans.
Physiological and genetic analyses show that thermosensitive neuronal activity in ADL sensory neurons regulates cold acclimation. Our results indicate that KQT-type potassium channel subunits, KQT-2 and KQT-3, in ADL sensory neurons regulate cold acclimation, with KQT-2 acting as a negative regulator of functional activity, as measured by thermosensitive Ca 2+ influx in ADL neurons (Fig. 4G) . As previously reported, kqt-2 gene expression is increased by a temperature shift from 23° to 17°C for 4 hours (35) . On the basis of this result, wild-type animals treated to a 25°C→15°C (3 hours) conditioning step used in our cold acclimation assay likely induces increased kqt-2 gene expression relative to unconditioned control animals cultivated at 25°C. KCNQ-type potassium channel subunits, KCNQ2 and KCNQ3, coassemble to form the native functional channels that underlie M-currents (36) . Similar to KCNQ channel subunits, KQT-2 subunits expressed at lower temperatures (15° to 17°C) after cultivation at 25°C (35) possibly coassemble with KQT-3 subunits to form inactive KQT-2/KQT-3 heteromeric channels, leading to a reduction of functional potassium channel activity.
The KQT-2 subunit increases neuronal excitability in ADL neurons by acting as a negative regulator of KQT-3 channel function. By contrast, the OCR-1 TRP channel subunit decreases neuronal excitability of ADL neurons by acting as a negative regulator of OCR-2/OSM-9 TRP channels (Fig. 4G) . Thus, these regulatory subunits appear to play a similar inhibitory role in two different ion channels, TRP and KQT, responsible for depolarizing and hyperpolarizing ADL sensory neurons, respectively.
The abnormally enhanced cold acclimation phenotype of the kqt-2 mutant is influenced by cultivation oxygen concentration. Oxygen signaling from URX oxygen-sensing neurons modulates ADL excitability for sensing the nematode pheromone, ascaroside, through chemical and electrical synaptic connections via RMG interneurons (30) . Thermally induced Ca 2+ influx in ADL neurons was blunted in kqt-2 mutants, and kqt-2 mutants exhibited supranormal cold acclimation (Fig. 4H, middle panel) . By contrast, mutation in gcy-35, which encodes the oxygen receptor in URX, strongly suppressed the blunted thermoexcitability of ADL neurons and restored cold acclimation in kqt-2;gcy-35 double mutants to wild-type levels (Fig. 4H,  right panel) . Our study suggests that the environmental oxygen sensed by URX sensory neurons and the temperature sensed by ADL neurons may integrate in ADL to determine cold acclimation in a simple neural circuit.
Wild-type worms cultivated at 15°C and kqt-2 mutants cultivated at 25°C both exhibited increased cold acclimation and decreased thermal responsiveness in ADL neurons compared with controls. This indicates that decreased neuronal activity in ADL neurons may directly induce enhanced cold acclimation. However, kqt-3 or ocr-1 mutants, which both increase ADL thermal responsiveness, exhibit increased and normal cold acclimation, respectively. In addition, gcy-35 mutants, which show decreased cold acclimation compared with wild-type, nonetheless exhibit normal ADL thermal responsiveness. Therefore, although cold acclimation is regulated by ADL activity, additional neuronal mechanisms likely contribute to this phenotype and remain to be identified.
Our previous studies reported that cold tolerance is regulated by ASJ thermosensory neurons, sperm, intestine, and muscles (7, (15) (16) (17) . ASJ neurons secrete insulin to intestinal cells to control cold tolerance (7), and sperm affects the activity of ASJ temperature-sensing neurons in cold tolerance (16) . Our present study also indicates that sperm affects ADL temperature-sensing neurons because the kqt-2 mutation suppresses the abnormal cold acclimation of gsp-4 mutants lacking sperm ( fig. S8, A and B) . Together, these results indicate that interactions between these tissues could govern cold acclimation.
Mutation in the oxygen receptor gene, gcy-35 in URX, decreased cold acclimation and suppressed the enhanced cold acclimation and decreased thermal responsiveness of ADL neurons in kqt-2 mutants. In addition, kqt-2 mutants showed decreased cold acclimation when cultivated at 10% O 2 compared with 20% O 2 ; however, gcy-35 mutants similarly cultivated at 10% O 2 failed to exhibit decreased cold acclimation compared with cultivation at 20% O 2 ( Fig. 4F and fig. S7B ). These results indicate that oxygen signaling from URX neurons modulates ADL activity and affects cold acclimation. However, gcy-35 mutants cultivated in 5% O 2 and gcy-35;kqt-2 mutants cultivated in 5 or 10% O 2 both showed decreased cold acclimation compared with 20% O 2 -cultivated controls, indicating that other oxygen receptor protein(s) besides GCY-35 may affect cold acclimation ( fig. S7, A to C) . gcy-35 mutants showed normal ADL thermal responsiveness, although the gcy-35 mutation suppressed the increased ADL thermal responsiveness of kqt-2 mutants. ADL activity in gcy-35 mutants was normal, possibly because other oxygen receptors provide redundant oxygen signaling to ADL neurons. However, the kqt-2 mutation alone decreases thermal responsiveness, whereas the gcy-35 mutant restores thermal responsiveness to wild-type levels in the gcy-35;kqt-2 double mutant. This indicates a preferential role for O 2 signaling via GCY-35 if additional oxygen-sensing mechanisms are involved in cold acclimation. Together, these findings indicate that the cold acclimation status of individual animals may be controlled by complex neural circuitry and tissue networks involving known cold tolerance-related cells, such as ASJ neurons, intestine, sperm, and muscle, as well as other unidentified cells.
This and previous studies reveal that ADL neurons play various thermosensory and chemosensory roles and integrate chemosensory and thermosensory information with signaling from O 2 -sensing neurons (17, 30, 33) . The kqt-2 mutant showed not only abnormal cold acclimation but also abnormal chemosensory avoidance behavior. KQT-2 modulates ADL responsiveness to other environmental factors in addition to temperature and is possibly involved in signal transduction in response to environmental factors.
Many fundamental molecular and physiological aspects of neural systems are evolutionally conserved from C. elegans to mammals. The regulatory mechanisms revealed by these studies in C. elegans may be conserved as long-term adaptive strategies in higher organisms to similarly control neuronal excitability in response to sustained shifts in external or internal environmental stresses. 
MATERIALS AND METHODS
Strains
Cold acclimation assay
Cold acclimation was assayed essentially according to previous reports (38) . C. elegans were cultured under well-fed conditions on 2% (w/v) agar nematode growth medium (NGM) plates containing Escherichia coli OP50 in 3.5-or 6.0-cm-diameter plastic dishes. Single or several well-fed adults (P 0 ) were placed at the first temperature and incubated for 15 to 20 or 2 to 4 hours, respectively, until they had laid ~100 eggs. P 0 adults were then removed to synchronize the growth of the progeny. Progenies were incubated from egg to adulthood at the initial (cultivation) temperature. At 15°C cultivation temperature, progenies were cultured for 132 to 150 hours; at 25°C cultivation temperature, progenies were cultured for 52 to 67 hours. When animals grew to adults, assay plates were transferred to a second (conditioning) temperature for 0, 3, 5, or 8 hours. After incubation at the second temperature, plates were immediately chilled on ice for 20 min and then transferred to a 2°C refrigerator (CRB-41A, Hitachi, Japan) for 48 hours. After 48 hours at 2°C, assay plates were transferred to and incubated at 15°C for 1 day. The numbers of live and dead worms were then scored. Cold acclimation assays at specified oxygen concentrations were performed using an airtight bag kit containing oxygen meter and oxygen adsorbent [BIONIX-3 (nB-3), SUGIYAMA-GEN, Japan], which allowed us to control oxygen concentration in the temperature shift protocol, 25°C→15°C (3 hours)→2°C. Each cold acclimation assay was performed with more than three plates. Alive and dead animals were counted on plates with more than 30 worms. The cold acclimation assays were performed on at least three independent days to obtain stable data.
Confocal microscopy
Worms were anesthetized and mounted in 10-l drops of 100 mM NaN 3 on thin 2% agar pads formed on glass microscope slides. Immobilized worms were coverslipped for confocal microscopy. Fluorescent images were acquired with a confocal laser microscope (FV1000-IX81 with a GaAsP photomultiplier tube, Olympus) using FV10-ASW software (Olympus). We observed wild-type animals expressing plasmid constructs containing 5′ kqt-2 promoter sequence (9.0 kb) with the kqt-2 genomic sequence encompassing exons 1 to 12, with GFP fused in frame to the C terminus in exon 12.
DiI staining of amphid (ADL, ASH, ASI, ASJ, ASK, and AWB) and phasmid (PHA and PHB) neurons DiI staining was performed following the protocol in Anatomical Methods in WORMATLAS (www.wormatlas.org/EMmethods/DiIDiO.htm). DiI stock solution (5 mg/ml) was stored at −20°C in a foil-wrapped tube. Staining solution was made by diluting 0.7 l of DiI stock solution in 2.0 ml of M9. Staining solution (150 l) was placed in a 200-ml tube, into which worms were transferred. Worms were incubated in DiI staining solution for 1 hour at room temperature. A pipette was used to transfer stained worms to a fresh plate with a bacterial lawn. Worms were allowed to destain for about an hour by crawling on the bacterial lawn. Destained worms were mounted on agar pads with sodium azide and visualized for fluorescence using the appropriate filter sets.
Germline transformation
Germline transformations were performed with coinjection mixes consisting of experimental plasmid DNAs at various concentrations (5.0 to 50 ng/l) and pAK62 AIYp::GFP, pKDK66 ges-1p::NLS::GFP, or pRF4 rol-6gf as transgenic markers at 30 to 50 ng/l.
Behavioral analysis
Avoidance behavior was assayed essentially as described by a previous report (39) . C. elegans were cultured under well-fed conditions on 2% (w/v) agar NGM plates containing E. coli OP50 in 6.0-cmdiameter plastic dishes. Two or three well-fed adults (P 0 ) were placed and incubated for about 20 hours until they had laid ~200 eggs. P 0 adults were then removed to synchronize the growth of the progeny. Progenies were incubated from egg to adulthood at 20°C. The assay plates, 9-cm-diameter medium plates [2% agar, 1 mM MgSO 4 , 1 mM CaCl 2 , and 25 mM potassium phosphate (pH 6.0)], were divided into 12 sectors (#1 to 12) of equal width. The adult animals were collected with NG buffer from the cultivation plates, put into a 1.5-ml tube, and washed twice with NG buffer. Washed animals were put on the center of a 9-cm-diameter medium plate. After the buffer was removed, 1-octanol was put in two spots on the third line from the left. The assay plates were left to stand for 12 min. To stop the movement of animals after 12 min, animals were exposed to CHCl 3 . Assays were repeated for 4 days. The numbers of animals in each fraction were counted, and an avoidance index was calculated using the formula: Avoidance index = ΣWiNi/N [Wi: −2.5(#1), −2.0(#2), −1.5(#3), −1.0(#4), −0.5(#5), −0.25(#6), +0.25(#7), +0.5(#8), +1.0(#9), +1.5(#10), +2.0(#11), +2.5(#12); Ni: the number of animals in each sector; N: the total number of animals in all sectors of the plate]. The animals that did not move from the center of the plate were not scored.
In vivo calcium imaging
In vivo calcium imaging of ADL sensory neurons was performed essentially as described previously (7, 40) . Worms expressing yellow cameleon 3.60 (YC3.60) driven by the sre-1p promoter [sre-1p::yc3.60 (pTOM63)] were used for in vivo calcium imaging of ADL neurons. Animals were cultured under well-fed conditions on 2% (w/v) agar NGM plates containing E. coli OP50 in 6.0-cm-diameter plastic dishes. Two or three well-fed adult(s) (P 0 ) were placed onto NGM plates at 25° or 15°C, and their progenies were incubated at 25° or 15°C from egg to adulthood for 3 or 6 days, respectively. Adult animals were glued onto a 2% (w/v) agar pad on a glass slide and immersed in M9 buffer under a glass coverslip. Sample preparation was completed within 3 min. Samples were then placed onto an indium tin oxide glass-based thermocontroller (Tokai Hit Co. Ltd., Fujinomiya, Japan) mounted on the stage of an Olympus IX81 microscope (Olympus Corporation, Tokyo, Japan) and equilibrated at the initial imaging temperature for a few minutes. Fluorescence was observed using a Dual-View (Molecular Devices, USA) optical system. YC3.60 donor and acceptor fluorescent signals were captured simultaneously using an electron multiplying charge-coupled device camera (Evolve 512, Photometrics, USA). Images were taken with 30-ms exposure times and 1 × 1 binning. Temperature on the agar pad was monitored using a thermometer system (MATS-5500RA-KY, Tokai Hit). For each imaging experiment, fluorescence intensities were acquired and processed using MetaMorph (Molecular Devices) image analysis software. Relative changes in intracellular calcium concentrations were measured as changes in the acceptor/donor fluorescence ratio of YC3.60. Band-pass filters for all YC3.60 experiments were as described in a previous report (40) .
Measurement of oxygen concentration
We measured oxygen concentration optically using the PreSens OXY-1 SMA system (PreSens Precision Sensing GmbH, Germany), which allowed us to measure oxygen concentration through the cover of airtight NGM plates. We placed "oxygen sensor spots" (SP-PSt3-NAU-D5-YOP, PreSens Precision Sensing GmbH, Germany) in the bacterial lawn of individual agar plates. Well-fed adults (P 0 ) were placed on 3.5-or 6.0-cm-diameter NGM plates with oxygen sensor spots and incubated for 2 to 3 hours until about 60 to 100 eggs were laid, after which the adult worms were removed. After egg laying, plates were tightly sealed with parafilm and cultivated at 25°C. Oxygen concentration was noninvasively monitored by shining excitation light onto the oxygen sensor spots through an optical fiber from 24 to 64 hours after egg laying. OXY-1 SMA oxygen concentrations were continuously recorded once a second. Oxygen concentrations were calculated as the running average of measurements every 10 s.
Statistical analysis
The cold acclimation tests were performed on more than eight plates on at least three independent days. All error bars in the figures indicate the SEM. Assuming that the distributions of all data follow normal distribution, all statistical analyses were performed using parametric tests, the Tukey-Kramer method, Dunnett's test, or the unpaired t test (Welch). Multiple comparisons were performed using one-way analysis of variance (ANOVA) with comparison tested using the TukeyKramer method and Dunnett's test. Dunnett's test was performed to compare the leftmost groups of the bar graphs with other groups. Comparisons between two groups were performed using the unpaired t test (Welch). *P < 0.05, **P < 0.01. We have performed two-way ANOVA in Fig. 2L (see "Supplementary raw data file").
The tests were performed using Mac statistical analysis version 2 (Esumi, Japan).
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